Transplantation of Schwann cells (SCs) is a promising therapeutic strategy for spinal cord repair. SCs introduced into lesions support axon regeneration, but because these axons do not exit the transplant, additional approaches with SCs are needed. Here, we transplanted SCs genetically modified to secrete a bifunctional neurotrophin (D15A) and chondroitinase ABC (ChABC) into a subacute contusion injury in rats. We examined the effects of these modifications on graft volume, SC number, degradation of chondroitin sulfate proteoglycans (CSPGs), astrogliosis, SC myelination of axons, propriospinal and supraspinal axon numbers, locomotor outcome (BBB scoring, CatWalk gait analysis), and mechanical and thermal sensitivity on the hind paws. D15A secreted from transplanted SCs increased graft volume and SC number and myelinated axon number. SCs secreting ChABC significantly decreased CSPGs, led to some egress of SCs from the graft, and increased propriospinal and 5-HT-positive axons in the graft. SCs secreting both D15A and ChABC yielded the best responses: (1) the largest number of SC myelinated axons, (2) more propriospinal axons in the graft and host tissue around and caudal to it, (3) more corticospinal axons closer to the graft and around and caudal to it, (4) more brainstem neurons projecting caudal to the transplant, (5) increased 5-HT-positive axons in the graft and caudal to it, (6) significant improvement in aspects of locomotion, and (7) improvement in mechanical and thermal allodynia. This is the first evidence that the combination of SC transplants engineered to secrete neurotrophin and chondroitinase further improves axonal regeneration and locomotor and sensory function.
Introduction
Repair of spinal cord injury (SCI) in adult mammals is challenging due to multiple factors, including extensive cell loss, axonal disruption, growth inhibitory molecules in the scar, and lack of growth-promoting molecules (Schwab and Bartholdi, 1996; Fawcett and Asher, 1999; Silver and Miller, 2004) . Accordingly, treatments to overcome these multiple deficits will require a multifaceted combination strategy Fortun et al., 2009 ).
Our previous studies demonstrated that transplantation of Schwann cells (SCs) holds promise for SCI repair (Xu et al., 1997; Takami et al., 2002; Pearse et al., 2004; Fouad et al., 2005; Golden et al., 2007; Pearse et al., 2007; Fortun et al., 2009; Tetzlaff et al., 2011) . The transplantation of SCs provides neuroprotection, reduces cyst formation, promotes axonal regrowth and myelination, and modestly improves functional outcome. In vitro systems to harvest and expand human SCs present a unique opportunity for autologous transplantation after human SCI (Levi et al., 1995; Rutkowski et al., 1995; Bunge and Pearse, 2003; .
We previously investigated combining SC transplantation with a bifunctional neurotrophin, D15A, for contusion injury (Golden et al., 2007) . D15A activates both TrkB and TrkC receptors and thus mimics the effects of NT-3 and BDNF (Urfer et al., 1994; . Transduced SCs secreting D15A markedly increased SCs and axons in the transplant and myelination of the axons in the transplant (Golden et al., 2007) . SCs secreting D15A, however, did not lead to improvement in open field locomotion (on the basis of BBB scoring; Basso et al., 1995), possibly because they did not enable regenerated axons to leave the transplant.
Chondroitin sulfate proteoglycans (CSPGs) are synthesized and deposited in the glial scar after SCI (Lemons et al., 1999; Plant et al., 2001; Morgenstern et al., 2002; Jones et al., 2003; Tang et al., 2003) . CSPGs are known to inhibit regeneration of axons and contribute to the limited functional recovery observed after SCI. Degradation of CSPGs with chondroitinase ABC (ChABC) promotes axonal regeneration and functional recovery (Bradbury et al., 2002; Silver and Miller, 2004; Fouad et al., 2005; Barritt et al., 2006; Cafferty et al., 2007; Massey et al., 2008; Bradbury and Carter, 2011) . ChABC, an enzyme that cleaves glycosaminoglycan side chains from the CSPGs, is useful for overcoming the inhibitory influence of CSPGs on axon growth in the injured spinal cord (Bradbury et al., 2002) .
We predicted, therefore, that combining SC transplantation with neurotrophin and ChABC to increase axons, not only growing into the graft but also exiting the graft, would improve locomotor function after SCI. Accordingly, we transplanted genetically engineered SCs to secrete D15A and ChABC into a rat contusion injury and investigated the graft volume, SC number, degradation of CSPGs, astrogliosis, SC myelination of axons, presence of propriospinal and supraspinal axons, locomotor outcome, and hind paw mechanical and thermal sensitivity. Engineering of SCs to secrete neurotrophin and ChABC significantly promoted axonal regeneration and improved locomotor and sensory outcomes, the combination being more efficacious than either treatment alone.
Materials and Methods
Reagents. Antibodies used were as follows: mouse anti-neurofilament antibody (RT97; Developmental Studies Hydridoma Bank, Iowa City, IA), rabbit anti-S100 antibody (catalog #119250; Dako), chicken anti-GFP antibody (catalog #P42212; Millipore), rabbit anti-mCherry antibody (catalog #632496; Clontech), mouse anti-CS56 antibody (catalog #C8035; Sigma-Aldrich), mouse anti-2B6 antibody (catalog #270432; Seikagaku), mouse anti-GFAP antibody (catalog #SMI-22R; Covance), and rabbit anti-5-HT antibody (catalog #20080; Immunostar). Secondary antibodies included goat anti-chicken IgG Alexa Fluor 488 antibody (catalog #A-11039), goat anti-rabbit IgG Alexa Fluor 594 antibody (catalog #A-11012), goat anti-mouse IgG Alexa Fluor 405 antibody (catalog #A-31553), goat anti-rabbit IgG Alexa Fluor 405 antibody (catalog #A-31556), goat anti-rabbit IgG Alexa Fluor 660 antibody (catalog #A-21073), and goat anti-mouse IgG Alexa Fluor 660 antibody (catalog #A-21054), all from Invitrogen. Purified ChABC (catalog #100332) was from Seikagaku, chondroitin sulfate (catalog #C4384) and dimethylmethylene blue (DMB; catalog #341088) were from Sigma-Aldrich, and the NT-3 ELISA kit (catalog #G7641) was from Promega.
Schwann cells. Purified populations of SCs were obtained from the sciatic nerves of adult female Fischer rats (Harlan Laboratories) as described previously (Morrissey et al., 1991) . SCs were then purified and expanded as described previously (Meijs et al., 2004) . Briefly, after removal of the epineurium, the nerves were cut into 3-mm-long segments that were placed into 60 mm plastic culture dishes and covered with D10 medium (DMEM; Invitrogen) containing 10% fetal bovine serum (Hyclone). The segments were transferred to new dishes weekly and the medium was refreshed biweekly. After 2 weeks, the explants were treated with dispase (Roche) and collagenase (Worthington), dissociated and, after centrifugation (1500 g at 4°C), resuspended in D10 medium with the SC mitogens, pituitary extract (20 g/ml; Biomedical Technologies), forskolin (2 M; Sigma-Aldrich), and heregulin (2.5 nM; Genentech). The cells were then plated onto poly-L-lysine-coated culture dishes (SigmaAldrich), given fresh medium biweekly, and, when confluent, replated at 1/4 confluent density into new dishes. Early on, the cells were treated with Thy-1 and rabbit complement (MP Biomedicals) to eliminate remaining fibroblasts. The cells were grown to confluency and passaged to new dishes three times (P3) before transplantation. The resulting SC cultures were Ͼ95% pure based on S100 immunostaining (Dako; Takami et al., 2002) .
Lentiviral vector preparation. Lentiviral vectors encoding enhanced GFP and mCherry were used to transduce the SCs to enable their tracking in vivo (Golden et al., 2007; Hill et al., 2007; Pearse et al., 2007; Patel et al., 2010) . Lentiviral vector preparation was performed as described previously (Follenzi et al., 2000) . The genes were subcloned into a lentiviral vector plasmid containing the cytomegalovirus promoter and the Woodchuck posttranscriptional regulatory element.
The lentiviral particles were produced by the Miami Project Viral Vector Core. Cultured HEK 293T cells were used for transfecting the plasmids and viral harvesting. Briefly, 24 h before transfection, HEK 293T cells were plated in T-175 flasks (using 25 ml of high-glucose DMEM plus 10% FBS) so that the cells reached 90% confluency on the day of transfection. For each flask, dilute 12.2 g of transfer vector, 6.1 g of pMDL (Gag/Pol), 3.1 g of pREV, 3.7 g of vesicular stomatitis virus glycoprotein (pVSVG) were combined in 1 ml of Opti-MEM I Reduced Serum Medium. Lipofectamine 2000 was mixed before use, then diluted to 62.5 l in 1 ml of Opti-MEM I Reduced Serum Medium and incubated for 5 min. The diluted DNA was combined with diluted Lipofectamine 2000 and incubated for 20 min at room temperature. The complexes were added to the flask and incubated at 37°C in a CO 2 incubator overnight. After 40 h in 30 ml of fresh medium, the supernatant was harvested and centrifuged at 500 ϫ g for 5 min at 4°C, followed by filtration using a 0.45-m-pore PVDF Durapore filter (Millipore). The supernatant was then ultracentrifuged at 21,000 rpm for 2.5 h at 4°C in a SW-28 rotor (Beckman). The virus pellets were resuspened in PBS/1% BSA. The viral titer was determined by p24 ELISA assay (PerkinElmer) for quantifying p24 core protein concentrations. Purified viral vector stocks were stored at Ϫ80°C until SC infection.
Human D15A cDNA was generated previously (Urfer et al., 1994) . The lentiviral vector encoding D15A was prepared as described previously (Follenzi and Naldini, 2002; Golden et al., 2007) . The gene for Proteus vulgaris chondroitinase ABC expression in mammalian cells was developed by Muir et al. (2010) . Lentiviral vectors encoding the ChABC gene were generated by the Verhaagen team (Hendriks et al., 2007; Zhao et al., 2011) .
Lentiviral vector transduction of Schwann cells. These vectors were used to transduce SCs at passage one. SC cultures were transduced by the addition of a predetermined volume of the concentrated lentivirus. SCs (5 ϫ 10 5 /well) at 70% confluency were seeded in 12-well plates with D10 and mitogens and then transduced overnight with varying multiplicities of infection (MOIs; 10, 20, 30, 50, 100, and 2000) of lentiviral vectors. The following day, medium was refreshed and the cultures were incubated for 2 more days. The cell cultures were fixed in 4% paraformaldehyde and stained with Hoechst to allow a comparison of Hoechst-labeled nuclei and GFP-or mCherry-positive cells. The in vitro transduction efficiency lentiviral system was assayed using GFP and mCherry expressions of SCs. An optimal MOI of 30 was designated by highest transduction efficiency (Ͼ95% of GFP-or mCherry-positive cells) with no obvious signs of toxicity. The optimal MOI was used for all subsequent in vitro and in vivo studies.
We prepared four different types of transduced SCs: (1) with only GFP (GFP-SCs); (2) with only mCherry (mCherry-SCs), (3) with GFP and D15A (GFP/D15A-SCs), and (4) with mCherry and ChABC (mCherry/ ChABC-SCs). GFP and mCherry lentiviral vectors were used to visualize the SCs transduced with D15A or ChABC separately. The transduced cells, harvested and stored in liquid nitrogen, were thawed and expanded as needed.
D15A activity in vitro. D15A levels in conditioned medium were determined using an NT-3 ELISA capable of recognizing the NT-3 backbone of D15A. SCs were thawed and incubated in growth medium. Conditioned media from GFP-or GFP/D15A-transduced SC or nontransduced SC cultures were collected at 24 h intervals. The amount of neurotrophin was determined according to the manufacturer's protocol (Promega). Neurite outgrowth assays were used to demonstrate D15A bioactivity (Golden et al., 2007) . Lumbar dorsal root ganglia (DRG) were removed on embryonic day 15 and placed in 12-well dishes. Then, 600 l of conditioned medium collected from confluent GFP-SC or GFP/ D15A-SC cultures at 24 h intervals or medium supplemented with BDNF (730 ng/ml) and NT-3 (730 ng/ml) were added to the wells for 3 d at 37°C in 5% CO 2 . Each culture was fixed and immunostained with a mouse monoclonal anti-neurofilament antibody (RT97, 1:5 in TBS-normal goat serum; Developmental Studies Hydridoma Bank).
Chondroitinase ABC activity in vitro. The enzymatic activity of ChABC in SC-conditioned media was quantified by a DMB (Sigma-Aldrich) assay that measured the sulfated glycosaminoglycan cleaved by ChABC (Farndale et al., 1982; Ettenson et al., 2000; Liu et al., 2012) . For the DMB assay, 10 l of conditioned medium were collected daily from nontransduced SC-, mCherry-, or mCherry/ChABC-transduced SC cultures and incubated with 10 l of chondroitin sulfate (0.25 mg/ml) for 15 min at 37°C. As described previously (Liu et al., 2012) , 180 l of DMB solution (16 mg of DMB, 2.37 g of NaCl, 3.04 g of glycine, 75 ml of 0.1 M HCl in 1 L of H 2 O) were added to 20 l of the reaction sample and the absorbance was recorded at 660 nm. The absorbance of the chondroitin sulfate without the conditioned medium was used as the control. The enzymatic activity was calculated with a linear standard curve generated using purified ChABC (Seikagaku).
To confirm ChABC bioactivity to degrade CSPGs in normal spinal cord tissue, cryostat sections were incubated in PBS, in conditioned medium collected from mCherry/ChABC-transduced SC cultures, or in PBS containing ChABC (300 mU/ml) for 3 h at 37°C (Moon et al., 2002) . Immunostaining of the incubated sections for CS-56 (to detect intact CSPGs) and 2B6 (to detect degraded CSPGs) was performed as described in Immunohistochemistry, below.
Animals. Adult female Fischer rats (total n ϭ 280; 160 -180 g weight; Harlan Laboratories) were housed in accordance with National Institutes of Health guidelines and the Guide for the Care and Use of Laboratory Animals. The Institutional Animal Care and Use Committee of the University of Miami approved all animal procedures. Efforts were made to minimize the number of animals used and to decrease animal suffering. Rats were anesthetized (45 mg/kg ketamine, 5 mg/kg xylazine) by intraperitoneal injection. Adequate anesthesia was determined by monitoring the corneal reflex and hindlimb withdrawal to painful stimuli. During surgery, the rats were kept on a heating pad to maintain body temperature at 37 Ϯ 0.5°C. Rats were housed two per cage at a temperature of 24°C with ad libitum access to water and food before and after surgery. Figure 1 summarizes the experimental timeline in this study.
Contusion injury. A laminectomy was performed at thoracic vertebra T8, exposing the dorsal surface of the spinal cord without disrupting the dura mater. Moderate thoracic spinal cord contusion injuries (10 g weight dropped 12.5 mm) were induced using the MASCIS weight-drop device (Gruner, 1992) . Animals were excluded immediately when the height or velocity errors exceeded 7% or if the compression distance was not within the range of 1.35-1.75 mm (Barakat et al., 2005; Pearse et al., 2007) . After injury, the overlying musculature was sutured and the skin closed using wound clips. The rats recovered in a warmed cage with water and food easily accessible. The rats received postoperative care that included the administration of gentamicin (5 mg/kg, intramuscular; Abbott Laboratories), Buprenex (0.3 mg/kg, subcutaneous; Reckitt Benckiser), and lactated Ringer's solution . Bladders were expressed twice a day until spontaneous voiding began.
SC transplantation. Transduced SCs were harvested from culture by trypsinization, centrifuged, resuspended, and counted. SCs were resuspended in aliquots of DMEM/F12 medium (Live Technologies). The two types of transduced SCs were mixed just before transplantation. Animals were randomly assigned to one of five transplant groups (n ϭ 56 per group): (1) DMEM/F12 medium alone (DMEM/F12 group), (2) mCherry-SCs ϩ GFP-SCs (SC control group), (3) mCherry-SCs ϩ GFP/ D15A-SCs (SC-D15A group), (4) GFP-SCs ϩ mCherry/ChABC-SCs (SC-ChABC group), and (5) GFP/D15A-SCs ϩ mCherry/ChABC-SCs (SC-D15A ϩ ChABC group; Table 1 ). At 7 d after injury, rats were reanesthetized, the injury site was exposed, and a total of 2 ϫ 10 6 SCs (1 ϫ 10 6 cells for each type) in 6 l of DMEM/F12 medium was injected into the contused area (Takami et al., 2002; Pearse et al., 2004) . The SC injection was performed over 3 min (2 l/min) into the injury epicenter at a depth of 1 mm in the midline at T8 using a micromanipulator with a microinjector (World Precision Instruments; Patel et al., 2010) . A 10 l Hamilton syringe with a pulled glass capillary tube [150 m inner diameter (ID)] was secured in the micromanipulator. The capillary tube was kept in place for an additional 3 min to minimize leakage upon withdrawal (Patel et al., 2010) . After injection, the muscle layers were sutured and the skin closed with wound clips. Table 2 summarizes number of animals in each group used for each analysis in this study.
Tracing. Three tracing experiments were performed, each one in a separate cohort of animals. For corticospinal tract (CST) anterograde tracing at 11 weeks after contusion, biotinylated dextran amine (BDA; 10,000 MW, 10% in PBS, 0.5 l/site; Invitrogen) was stereotactically injected into 6 sites in the sensorimotor cortex (0.7, 1.4, 2.5 mm posterior to the bregma, Ϯ2.3 mm lateral to the midline, depth 1.5 mm; Hill et al., 2001) . The injections, made with a glass tube (50 m ID) attached to a 10 l Hamilton syringe held in the micromanipulator, were performed over 5 min. For propriospinal tract (PST) anterograde tracing, at 13 weeks after injury, a laminectomy was performed at T6. BDA (0.15 l/site) was stereotactically injected into 4 sites bilaterally (7.0 and 5.5 mm rostral to the rostral edge of the injury, Ϯ0.3 mm lateral to the midline, 1.5 mm beneath the cord surface). The injections with a 1 l syringe and glass tube (150 m ID) were performed over 3 min in a micromanipulator. For retrograde neuronal tracing, animals at 13 weeks after injury received 
Two types of transduced SCs (1 ϫ 10 6 cells for each type; total of 2 ϫ 10 6 ) were mixed and transplanted in each experimental group. The number of D15A-or ChABC-transduced SCs transplanted in the SC-D15A and SC-ChABC groups were the same in the combination group. a laminectomy at T10. A total of 0.6 l of 2% fast blue (FB, 0.3 l/site; Sigma-Aldrich) was injected into two sites in the spinal cord bilaterally at 7 mm caudal to the caudal edge of the injury (Takami et al., 2002; Pearse et al., 2004) . Every injection was performed over a 3 min period and the injection needle was kept in place for an additional 3 min to minimize leakage upon withdrawal Chau et al., 2004) .
Immunohistochemistry. At 2 or 12 weeks after transplantation, animals were transcardially perfused with normal saline, followed by 4% paraformaldehyde in 0.1 M PBS at pH 7.4 (Takami et al., 2002) . The T7-9 spinal cord segments centered at the injury site were postfixed in the same fixative overnight at 4°C, cryoprotected in 30% sucrose in PBS for 48 h at 4°C, and embedded in gelatin (Oudega et al., 1994) . Serial sagittal cryostat sections (20 m thick) were mounted on slides. Sections were rinsed 3ϫ with TBS and incubated in a blocking solution of 5% NGS with 0.5% Triton X-100 for 1 h at room temperature. The sections were incubated in antibodies against chicken anti-GFP (1:500), rabbit anti-mCherry (1: 500), mouse anti-CS56 (1:500), mouse anti-2B6 ( Graft volume and SC number. SC graft volume was analyzed in the serial sagittal sections that were immunostained for GFP and mCherry using unbiased computer-assisted microscopy and StereoInvestigator 10 software (MBF Bioscience; Golden et al., 2007; Patel et al., 2010) . The SC graft in each section (20 m thickness, 200 m intervals) was delineated at 20ϫ using GFP and mCherry fluorescence and immunolabeling to determine the SC graft area. This area was automatically calculated and the graft volume determined using the equation: V ϭ Α [transplant area ϫ section thickness ϫ 10 (number of sections in each sampling interval)] (Biernaskie et al., 2007) . The graft area in each section was measured blindly. Then two serial sagittal sections that contained the lesion site with the largest graft area were blindly selected for other analyses.
To compare the numbers of transplanted labeled SCs in the experimental groups, the serial sections (20 m thickness, 200 m intervals) were analyzed using StereoInvestigator software (Patel et al., 2010) . SC transplants were outlined at 4ϫ and then SCs were counted under a 63ϫ oil objective. Then the optical fractionator sampling design (counting frame area, 50 ϫ 50 m; sampling grid size, 250 ϫ 250 m) was used. In each sampling site, both GFP-and mCherry-labeled SCs were marked and recorded using a dissector probe, only counting the labeled cell bodies that contained a nucleus. SC number within the transplant in the section was automatically calculated by StereoInvestigator software. Two serial sagittal sections per rat around the midline containing the largest graft were chosen and then the number of SCs in the two sections were summed and compared among the groups.
D15A activity in vivo. At 2 d or 2 or 6 weeks after transplantation, spinal cord segments (5 mm length) centered at the injury/graft sites were removed, quickly frozen, and stored at Ϫ80°C. Tissue was weighed and homogenized by placing it in 10ϫ weight/volume lysis buffer (137 mM NaCl, 20 mM Tris, 1% NP-40; Calbiochem), 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 0.5 mM sodium vanadate, 1 g/ml leupeptin, and 10 g/ml aprotinin, pH 8.0. Samples were centrifuged at 12,000 rpm for 5 min and the supernatants harvested and stored at Ϫ80°C. The amount of neurotrophin in the supernatants was determined using an ELISA recognizing NT-3 according to the manufacturer's protocol (Ying et al., 2003; Golden et al., 2007) . Measurements were normalized to total protein, as determined by a standardized Bradford protein assay. NT-3 was expressed as the total amount in the sample per milligram of total protein.
Chondroitinase ABC activity in vivo. To analyze cleavage of CSPGs by ChABC in the transplanted spinal cord, immunointensity of CS56 and 2B6 antibody staining was quantified in the two serial sagittal sections around the midline containing the largest grafts (Karimi-Abdolrezaee et al., 2010). Quantification of immunointensity of GFAP staining was also performed to analyze astrogliosis. The entire sagittal section was imaged at 10ϫ using a confocal microscope with tiling and stitching software (Fluoview, Olympus America). For imaging, the appropriate confocal setting in the first microscopy session that would avoid signal saturation was determined and the same setting was used thereafter. Using ImageJ software, the obtained images were converted into gray scale and the 5 mm length of spinal cord containing lesion and perilesion areas was traced in each section. Furthermore, automatic thresholding for each image was performed using the software to determine the threshold for a specific signal (Karimi-Abdolrezaee et al., 2010) . The default threshold setting was used and the thresholding values were maintained at constant levels for all analyses. After setting the threshold, the integrated immunodensity above the threshold was automatically calculated. Then, the integrated density was divided by the sample area to calculate the mean density per unit area. This calculation was performed to compensate for the different sizes of the region of interest in the spinal cord. The mean values for each animal were then compared.
To analyze enzymatic activity of ChABC in the transplanted spinal cord, a DMB assay was performed using the supernatants from the homogenized tissue (see Chondroitinase ABC activity in vitro, above). 10 l of supernatant were incubated with 10 l of chondroitin sulfate (0.25 mg/ml) for 15 min at 37°C using an absorbance of 660 nm. Measurements, calculated with a linear standard curve, were normalized to total protein determined by a standardized Bradford protein assay.
SC migration. The migration of GFP-and mCherry-positive SCs into the host spinal cord was quantified. First, the sections that contained transplanted SCs were immunostained for GFAP to define the border between the host spinal cord tissue (GFAP-positive) and the lesion site/ implant (GFAP-negative). After tracing these borders, the GFP-and mCherry-positive SCs in the host spinal cord were automatically counted using the particle analysis tool of ImageJ (Petryniak et al., 2007; Drury et al., 2011) . The counts were performed on the two serial sagittal sections around the midline containing the largest transplants and compared among the groups.
SC-myelinated axon counts. A 1 mm transverse slice from the graft/ injury center was removed after perfusion and prepared for electron microscopy . Then, 1 m plastic transverse sections were stained with toluidine blue, followed by 4% paraphenylenediamine to visualize myelin (Murray et al., 2001 (counting frame area, 50 ϫ 50 m; grid size, 150 ϫ 150 m), the graft epicenter was systematically sampled. These sections allow central (oligodendrocyte) myelin to be distinguished morphologically from peripheral (SC) myelin Pearse et al., 2004) . The analysis was performed by the examiners blinded to the animal groups. Quantitation of traced axons and brainstem neurons. Fourteen weeks after injury, the rats were transcardially perfused and the brains and spinal cords containing the injury site were extirpated and embedded in gelatin. Serial 40-m-thick transverse sections of the brainstem and sagittal sections of the spinal cord were prepared.
For quantitation of CST anterograde tracing, BDA-labeled axons were examined in every fifth sagittal section (40 m thickness, 200 m intervals). The labeled axons were visualized with fluorescein-conjugated streptavidin (Invitrogen; Pearse et al., 2004 ) and the sections coverslipped with Citifluor (UKC Chemical Laboratory). Numbers of BDA-labeled axons were determined by counting all labeled axons crossing imaginary lines placed perpendicular to the rostral-caudal axis of the spinal cord at 500 m rostral and 500 m caudal to the edges of the graft (delineated by GFP-and mCherry-labeled SCs) and through the center of the graft . BDA-labeled axons in host tissue outside the graft epicenter were counted separately. The numbers in each section were summed per rat and then multiplied by 5 to obtain the final number.
For quantitation of PST anterograde tracing, BDA-labeled axons were counted using the sagittal sections and visualized as above. The number of BDA-labeled propriospinal axons was determined at the center of the graft and at 500 m caudal to the caudal edge of the graft (Chau et al., 2004). We selected the two serial sagittal sections (40 m thickness, 200 m intervals) around the midline that contained the largest implant per rat and the numbers of axons in the two sections were summed and compared.
To assess numbers of neurons labeled by retrograde tracing, every tenth section (40 m thickness, 400 m intervals) of the embedded brainstems was identified according to Paxinos and Watson (1998) . The number of FB-labeled neurons was quantified in the reticular formation, the raphe nuclei, and the entire brainstem (Takami et al., 2002; Lo et al., 2009) . Only neurons containing nuclei were counted (Iannotti et al., 2003; Carter et al., 2011) . These numbers were summed per rat and multiplied by 10 to obtain the total number of labeled neurons for each region.
Quantitation of 5-HT-immunolabeled axons. The number of 5-HTimmunolabeled axons was determined by counting all labeled axons crossing imaginary lines placed perpendicular to the rostral-caudal axis of the spinal cord at the center of the graft and at 500 m caudal to the caudal edge of the graft . For comparing the numbers of axons among the five groups, the two serial sagittal sections around the midline that contained the largest graft per rat were selected; the numbers of axons in these sections were summed and compared.
BBB open-field testing and Catwalk analysis. All locomotor assessments were performed by at least two examiners blinded to the group allocation. BBB scoring (Basso et al., 1995) was performed weekly from 1 to 13 weeks after injury. In addition, a BBB subscore was obtained to provide a separate assessment of hindlimb and tail positioning (Basso, 2004) . All animals in the present study scored 21 for the BBB score and 13 for the A-D, SCs transduced to express GFP, GFP/D15A, mCherry, and mCherry/ChABC showed good expression of GFP or mCherry and morphological differences were not observed. E-G, Embryonic DRG incubated in conditioned medium from a D15A/GFP-SC culture (F ) and in medium containing added BDNF and NT-3 (G) showed robust neurite outgrowth compared with GFP-SC conditioned medium (E). H, NT-3 ELISA revealed that NT-3 levels in conditioned medium from GFP/D15A-SC cultures were significantly higher than from nontransduced SC and GFP-SC cultures. I-K, After CS56 staining, immunoreactivity in the spinal cord sections incubated with conditioned medium from a ChABC-transduced SC culture (J ) and purified ChABC (K ) was decreased compared with PBS (I ). L-N, Conversely, after 2B6 staining, immunoreactivity in the sections incubated with the conditioned medium (M ) and purified ChABC (N ) was increased compared with PBS (L). O, DMB assay demonstrated enzymatic activity of ChABC in conditioned medium from mCherry/ChABC-SC cultures. Data are presented as mean Ϯ SEM; n ϭ 3 per each SC group. **p Ͻ 0.01.
BBB subscore during baseline assessment. Catwalk gait analysis evaluates both static and dynamic locomotor parameters, such as stride length, base of support, interlimb coordination, and swing/stance phases (Hamers et al., 2001; Koopmans et al., 2005) . The objective analyses using Catwalk can overcome the disadvantage of a more subjective assessment of coordination by the BBB locomotor rating scale (Hamers et al., 2001; Deumens et al., 2007) . At 1 week before injury, the animals were trained to cross the walkway a minimum of 3ϫ daily for Catwalk analysis. Catwalk data were obtained before injury and at 5, 9, and 13 weeks after injury; a minimum of three uninterrupted crossings/animal was required. Stride length, base of support, and interlimb coordination were analyzed by making use of the regularity index and frequency of regular steps (% Ab step pattern; Cheng et al., 1997; Lankhorst et al., 2001; .
Assessment of mechanical and thermal allodynia. Assessment of mechanical and thermal allodynia was done in a blinded manner before injury and at 5, 9, and 13 weeks after injury. For mechanical allodynia testing, rats were placed in elevated Plexiglas chambers with a wire mesh floor and allowed 30 min to acclimatize. Cutaneous sensitivity to innocuous mechanical stimulation of both hindpaws was evaluated using the up-down method with eight specific calibrated von Frey filaments (Chaplan et al., 1994) . A von Frey filament was pressed against the plantar skin such that it slightly bowed. If no hindpaw withdrawal was elicited, then the next higher force filament was used. A hindpaw withdrawal indicated the use of a filament with a lesser force. Both hindpaws were tested ϳ5 min apart. The series of responses to the filaments was converted into a 50% withdrawal threshold measured in grams (Chaplan et al., 1994) ; the highest withdrawal threshold was 15 g and the lowest was 0.25 g. To be included in the study, a withdrawal threshold of 4 g or less was required (Hama and Sagen, 2011) .
For thermal allodynia testing, a rat was placed in a Plexiglas enclosure that rested on an elevated glass floor. A commercially available infrared plantar test device (Ugo Basile) was used to assess sensitivity of the plantar hindpaws to a brief noxious heat stimulus (Hargreaves et al., 1988) . After acclimatization for 30 min, an infrared emitter under the glass floor was positioned directly beneath the midplantar hindpaw. The length of time between the onset of the infrared stimulus and the paw withdrawal is termed "withdrawal latency" (measured in seconds). The device shuts off the infrared stimulus automatically and records the withdrawal latency when an animal withdraws the hindpaw from the stimulus. The average of three trials/ paw was used to report the final withdrawal latency. Testing of the same paw was separated by at least 5 min. To prevent tissue damage, a cutoff of 20 s was used (Hama et al., 2010) .
Statistical analysis. All statistical analyses were performed using the GraphPad Prism 5.0a software program. All data are presented as means Ϯ SEM. For comparisons among SCs in vitro, statistical differences were established using one-way ANOVA followed by a Tukey's post hoc test. For immunohistochemical analyses, NT-3 ELISA in vivo, DMB assay in vivo, and behavioral analyses, significant differences between the treatment groups were assessed using the nonparametric Mann-Whitney U test or the parametric Student's t test. Differences of p Ͻ 0.05 were considered to be statistically significant.
Results

D15A-transduced SCs secrete active neurotrophin in vitro
The four groups of transduced SCs appeared normal and showed high expression of GFP and mCherry ( Fig. 2A-D) . When DRG were incubated in conditioned medium from D15A/GFP-SC cultures (Fig. 2F ) , neurite outgrowth was robust compared with GFP-SC-conditioned medium (Fig. 2E ). D10 medium supplemented with BDNF and NT-3 also increased DRG neurite outgrowth (Fig. 2G ). D15A levels in conditioned medium were determined using an NT-3 ELISA capable of recognizing the NT-3 backbone of D15A. GFP/D15A-SC-conditioned medium contained significantly higher levels of NT-3 (55.0 Ϯ 1.0 ng/ ml/24 h, p Ͻ 0.01) than media from nontransduced SC or GFP-SC controls (which did not contain detectable levels) at 3 d after transduction (Fig. 2H ).
ChABC-transduced SCs secrete active chondroitinase in vitro
After immunostaining for CS56, immunoreactivity in normal spinal cord sections incubated with conditioned medium from ChABC-transduced SC cultures (Fig. 2J ) and with purified ChABC (Fig. 2K ) was decreased compared with the sections incubated with PBS (Fig. 2I ) . In contrast, 2B6 immunoreactivity in sections incubated with conditioned medium from ChABCtransduced SCcultures (Fig. 2M ) and purified ChABC (Fig. 2N ) was increased compared with sections incubated with PBS ( Fig.  2L) , demonstrating that the enzyme had been active. The DMB assay showed that enzymatic activity in conditioned medium from mCherry/ChABC-SC cultures was significantly higher (3.7 Ϯ 0.6 mU/l/24 h) than from nontransduced SC cultures (0.2 Ϯ 0.3 mU/l/24 h, p Ͻ 0.01) and mCherry-SC cultures (0.4 Ϯ 0.2 mU/l/24 h, p Ͻ 0.01) (Fig. 2O ).
D15A-transduced SCs increase graft volume and SC number
At 12 weeks after transplantation (Fig. 3A-F ) , the graft volumes were significantly larger in the SC-D15A (1.6 Ϯ 0.1 mm 3 , p Ͻ 0.01) and SC-D15A ϩ ChABC groups (2.4 Ϯ 0.2 mm 3 , p Ͻ 0.01) compared with the SC control group (0.7 Ϯ 0.1 mm 3 ). In addition, the SC-D15A ϩ ChABC group showed a significantly larger Figure 4 . SCs secreting ChABC reduce immunoreactivity for CSPGs in injured spinal cords at 2 weeks after transplantation. After staining for CS56, the groups without ChABC showed higher immunoreactivity around the lesion sites (A, C, E, arrows). In contrast, the groups with ChABC did not exhibit such immunoreactivity (G, I ). After 2B6 staining, higher immunoreactivity was observed both inside and around the transplant in the groups with ChABC (arrowheads in H and J vs B, D, F ).
volume than did the SC-D15A ( p Ͻ 0.05) and SC-ChABC (0.8 Ϯ 0.2 mm 3 , p Ͻ 0.01) groups. In comparing the total number of GFP-and mCherry-labeled SCs in two sections from the center of the graft (Fig. 3G) , the SC-D15A (18,665 Ϯ 1928, p Ͻ 0.01) and SC-D15A ϩ ChABC groups (17,265 Ϯ 1455, p Ͻ 0.05) showed significantly higher numbers of SCs within the lesion site compared with the SC control group (9900 Ϯ 1001). The SC-D15A ϩ ChABC group also showed significantly higher numbers than the SC-ChABC group (8536 Ϯ 2196, p Ͻ 0.05). For GFP-labeled SCs, the SC-D15A ϩ ChABC group (7485 Ϯ 2813) showed a higher number than the SC control group (4395 Ϯ 754, p Ͻ 0.05); mCherrylabeled SCs were higher in the SC-D15A group (12015 Ϯ 858, p Ͻ 0.01) than in SC controls (5505 Ϯ 876). There were no statistically significant differences between the numbers of GFP-labeled and mCherry-labeled SCs in each group. Transplanted SC num- Figure 5 . ChABC reduced CSPG immunoreactivity in injured spinal cords at 12 weeks after transplantation. In staining for CS56 at 12 weeks after transplantation (A, C, E, G, I ), the groups without ChABC showed immunoreactivity both inside and around the transplant (C, E, arrows). In contrast, the groups with ChABC did not show heightened immunoreactivity (G, I ), confirmed by quantitation of immunodensity (K ). 2B6 staining at 12 weeks revealed higher immunoreactivity both inside and around the graft in the groups with ChABC (arrowheads in H and J vs B, D, F ), as confirmed by immunodensity measurements (L). The enzymatic activity as assessed by the DMB assay is graphed in M. Data are presented as mean Ϯ SEM; n ϭ 6 per group in K and L; n ϭ 3 per group in M. *p Ͻ 0.05, **p Ͻ 0.01 compared with SC control group.
# p Ͻ 0.05, ## p Ͻ 0.01 compared with SC-D15A or SC-ChABC group.
ber measurements were obtained in a blinded fashion from two serial sagittal sections around the midline of the largest graft per rat. The NT-3 ELISA of the transplanted spinal cord showed the levels of NT-3 to be significantly higher in the SC-D15A (1043 Ϯ 72 pg/mg total protein, p Ͻ 0.05) and SC-D15A ϩ ChABC groups (1199 Ϯ 70 pg/mg total protein, p Ͻ 0.05) compared with SC control grafts (182 Ϯ 29 pg/mg total protein) at 2 d after transplantation (Fig. 3H ) , diminishing by 2 weeks. At this time, the levels in the SC-D15A (116 Ϯ 16 pg/mg total protein, p Ͻ 0.05) and SC-D15A ϩ ChABC (123 Ϯ 16 pg/mg total protein, p Ͻ 0.05) groups remained significantly higher than in the SC control group (67 Ϯ 5 pg/mg total protein).
ChABC is active inside and outside the graft
After immunostaining for CS56 in spinal cord sections at 2 weeks after transplantation, the SC control and SC-D15A groups and the DMEM/F12 group showed immunoreactivity around the graft/lesion sites (Fig. 4 A, C,E) . In contrast, the SC-ChABC and SC-D15A ϩ ChABC groups did not exhibit this immunoreactivity (Fig. 4G,I ). At 12 weeks, some immunoreactivity was seen around the lesion (Fig. 5A) ; the SC control and SC-D15A groups showed CS56 immunoreactivity both inside and outside the graft, especially in the dorsal spinal cord (Fig. 5C,E) . In contrast, the SC-ChABC and SC-D15A ϩ ChABC groups did not show this immunoreactivity (Fig. 5G,I ). The quantification of CS56 immunointensity confirmed these observations at 2 ( p Ͻ 0.05) and 12 weeks ( p Ͻ 0.01; Fig. 5K ).
Upon immunostaining for 2B6 at 2 and 12 weeks, the SCChABC and SC-D15A ϩ ChABC groups showed 2B6 immunoreactivity both inside and around the graft (Figs. 4 H, J, 5 H, J ) , whereas the other groups did not (Figs. 4 A, B, D, F, 5 A, B, D, F ) . The quantification of 2B6 immunointensity confirmed the significant increase in the SC-ChABC and SC-D15A ϩ ChABC groups compared with the SC control group at 2 ( p Ͻ 0.01) and 12 weeks ( p Ͻ 0.01; Fig. 5L ).
The DMB assay of the transplanted spinal cord revealed that the enzymatic activity of ChABC was significantly higher in the SC-ChABC (4.8 Ϯ 0.7 mU/g total protein, p Ͻ 0.05) and SC-D15A ϩ ChABC (5.6 Ϯ 0.9 mU/g total protein, p Ͻ 0.05) groups than in the SC control group (0.5 Ϯ 0.4 mU/g total protein) at 2 d after transplantation (Fig. 5M ). Such increased enzymatic activity was observed until 2 weeks but disappeared by 6 weeks.
ChABC leads to irregular graft-host borders and promotes SC migration
In inmmunostaining for GFAP after transplantation, there was no striking difference in immunoreactivity inside and around the graft among the treatment groups (Figs. 3A-E, 6A-E). The quantification of GFAP immunointensity revealed no statistical differences among the groups (Fig. 6F ) . At the caudal edge of the graft, SCs were less confined to the graft and more astrocyte processes were observed to extend into the graft in groups with ChABC (Fig. 6 D, E) than in those without (Fig. 6 B, C) . The numbers of transplanted SCs that migrated into the surrounding host spinal cord tissue or adjacent were significantly higher in the groups with ChABC compared with the other groups (Fig. 6G ).
D15A increases SC-myelinated axons in the transplant
Representative images after toluidine blue staining show more dense and larger SC transplants in the SC-D15A and SC-D15A ϩ ChABC groups (Fig. 7C, F, H,J ) than in the other groups (Fig.  7 B, E,G,I ), which was at least in part due to there being more SC-myelinated axons in the transplant. The numbers of SCmyelinated axons were significantly higher in the SC-D15A and SC-D15A ϩ ChABC groups than in the SC control group ( p Ͻ 0.05 and p Ͻ 0.01, respectively; Fig. 7K ). In addition, the SC-D15A ϩ ChABC transplants contained a significantly higher number than the SC-ChABC groups ( p Ͻ 0.05). 
There is a higher number of propriospinal axons in the transplant and host tissue with ChABC
The presence of propriospinal axons inside and around the transplant was evaluated using anterograde axonal tracing. In the SC control group (Fig. 8A-E) , BDA-labeled axons in the rostral spinal cord were observed only occasionally to grow into the graft (Fig. 8 A, B,C) , into host tissue at the epicenter (Fig. 8D) , or into the caudal spinal cord (Fig. 8E) . However, the SC-D15A ϩ ChABC group (Fig. 8F-J ) exhibited many BDA-labeled axons in the transplant (Fig. 8G,H ). This combination group showed more BDA-labeled axons within surrounding, spared host tissue at the epicenter (Fig. 8I ) and in the caudal spinal cord (Fig. 8J ) compared with the SC control group. In counting the BDA-labeled propriospinal axons in the transplant (Fig. 8K ) , the numbers of axons were significantly higher in the SC-D15A, SC-ChABC, and SC-D15A ϩ ChABC groups than in the SC control group ( p Ͻ 0.05, p Ͻ 0.05, and p Ͻ 0.01, respectively). The SC-D15A ϩ ChABC group showed a significantly higher number of BDA-labeled axons in the surrounding host tissue at the epicenter than did the SC-D15A group ( p Ͻ 0.01) and the SC control group ( p Ͻ 0.05). At 500 m caudal to the graft (Fig. 8L) , the numbers of axons were significantly higher in the SC-ChABC and SC-D15A ϩ ChABC groups than in the SC control group ( p Ͻ 0.05 and p Ͻ 0.01, respectively)
There are more CST axons in the caudal spinal cord with D15A and ChABC In the SC control and SC-D15A groups, BDA-labeled CST axons in the rostral spinal cord were not present close to the graft (Fig.  9 A, B ,J ) and were rarely observed in the surrounding host tissue at the epicenter and the caudal spinal cord (Fig. 9C, D, I ). In contrast, CST axons were closer to the graft in the SC-ChABC and SC-D15A ϩ ChABC groups, although not in the graft (Fig.  9 E, F,I ). In the SC-D15A ϩ ChABC group, BDA-labeled fibers were observed in surrounding host tissue at the epicenter and in the caudal spinal cord (Fig. 9G,H ) . The BDA-labeled fibers reached at least 500 m beyond the caudal edge of the transplant. These tracing results were confirmed by axon counts (Fig. 9 I, J ) . . SC myelination in the transplant is promoted by D15A. In toluidine-blue-stained, semithin sections of the transplanted spinal cord, groups with D15A showed larger and denser SC transplants (C, H ) compared with the other groups (B, G); the grafts are apparent compared to the DMEM/F12 injected spinal cord (A). At higher magnifications, the groups with D15A showed an increased number of SC-myelinated axons in the transplant (F, J ) compared with the other groups (E, I ), as confirmed by quantitation (K ). SC myelin may appear next to the SC nucleus; enabling distinguishing SC from oligodendrocyte myelin that was spared around the cord periphery. Data are presented as mean Ϯ SEM; n ϭ 5 per group. *p Ͻ 0.05, **p Ͻ 0.01 compared with the SC control group.
# p Ͻ 0.05 compared with the SC-ChABC group.
Combination of D15A and ChABC leads to more labeled projection neurons in the brainstem after retrograde tracing Labeling of supraspinal projection neurons in the brainstem was evaluated by placing the retrograde tracer (fast blue) caudal to the transplant, the numbers of fast-blue-labeled neuronal somata in the brainstem thereby reflecting the number of axons reaching the caudal spinal cord to take up the tracer. Figure 10 shows representative pictures of fast blue-labeled neurons in the raphe nuclei after tracing.
In the SC-D15A ϩ ChABC group (Fig.  10E ), there were more labeled neurons compared with the SC control group (Fig.  10B) . The SC-D15A ϩ ChABC group showed a significantly higher number in the raphe nuclei compared with the SC control, SC-D15A, and SC-ChABC groups ( p Ͻ 0.01, p Ͻ 0.05, and p Ͻ 0.01, respectively, Fig. 10G ). In the reticular formation, the number of fast bluelabeled neurons in the SC-D15A ϩ ChABC group was significantly higher than in the other groups ( p Ͻ 0.01) and the number of neurons in the SC-D15A group was significantly higher than in the SC control group ( p Ͻ 0.05).
There is a higher number of 5-HT axons in SC grafts and the caudal spinal cord with combined D15A and ChABC In representative images of 5-HT fiber immunostaining ( Fig. 11A-F ) , these axons were rarely observed in the transplant, surrounding host tissue at the epicenter, or caudal spinal cord in the SC control group (Fig. 11A-C) . In contrast, the SC-D15A ϩ ChABC group showed more 5-HT-labeled fibers in all of these locations ( Fig. 11D-F ) . Counts of 5-HTlabeled axons revealed that their total number in the graft was significantly higher in the SC-ChABC and SC-D15A ϩ ChABC groups than in the SC control group ( p Ͻ 0.05; Fig. 11G ). The numbers of 5-HT axons in the SC-D15A ϩ ChABC group were significantly higher in the caudal spinal cord ( p Ͻ 0.01; Fig. 11H ).
Combination of D15A and ChABC improves locomotor function and reduces allodynia in the hindlimbs BBB scores and subscores were measured for 13 weeks (Fig. 12 A, B) . After contusion injury, all animals exhibited gross locomotor impairment, showing only joint movement for the first few days and no weight-supported stepping for the first week (BBB score Ͻ10) and partial improvement over the 13 weeks after injury. After 9 weeks, most animals displayed frequent plantar stepping without forelimb/hindlimb coordination, which appeared to plateau. Animals in the SC-D15A ϩ ChABC group showed additional improvement at 13 weeks; 3 of 7 animals in this group exhibited consistent stepping with occasional forelimb/hindlimb coordination (BBB score Ն12), Figure 8 . ChABC leads to more propriospinal axons in the graft and host tissue. In the SC control group, an occasional BDAlabeled propriospinal axon was observed in the graft (A-D), but most did not appear to enter the graft (B). BDA-labeled fibers were rarely observed in host tissue at the epicenter (D, K ) and in the caudal spinal cord (E, L). In the SC-D15A ϩ ChABC group, many fibers grew into the graft (F-H ). Labeled fibers also were observed in host tissue at the epicenter (I, K ) and in the caudal spinal cord (J, L). The SC-D15A groups showed a significant increase in propriospinal axons only in the graft (K ). A significant increase in axons in the SC-ChABC and SC-D15A ϩ ChABC groups also was seen in the caudal spinal cord (L). Data are presented as mean Ϯ SEM; n ϭ 5 per group. *p Ͻ 0.05, **p Ͻ 0.01 compared with SC control group. # p Ͻ 0.05, ## p Ͻ 0.01 compared with the SC-D15A or SC-ChABC group.
whereas no animals in the other groups reached this functional level except one animal in the SC-D15A group. At 13 weeks, the SC-D15A ϩ ChABC group showed a higher BBB score than the SC control group ( p Ͻ 0.05; Fig. 12A ), although more time points would be needed to verify a persistent, gross locomotor improvement. In the BBB subscore, to further examine specific locomotor components such as paw position, toe clearance, trunk control, and tail position, the animals in the SC-D15A ϩ ChABC group showed a significantly higher score than the SC control group at 5, 8, 11, 12, and 13 weeks ( p Ͻ 0.05; Fig. 12B ).
CatWalk analysis allows the determination of the regularity index, a fractional measure for interlimb coordination (Lankhorst et al., 2001) . It relates the proportion of regular step patterns to the number of steps taken. In completely coordinated rats, it is therefore 100%. At 5 weeks after SCI, the regularity index decreased to 70 -85% in all groups (Fig.  12C) . From 9 weeks, the SC-D15A ϩ ChABC group showed a significantly higher percentage (better coordination) compared with all other groups ( p Ͻ 0.05; Fig. 12C ). The regular step patterns were categorized as described previously (Cheng et al., 1997) . The most commonly observed regular step pattern in rats is the Ab pattern (order of steps: left forelimb 3 right hindlimb 3 right forelimb 3 left hindlimb; Hamers et al., 2006) . In our animals, the major regular step pattern before injury was the Ab pattern (Ͼ95%; Fig. 12D ). The percentage of Ab pattern had decreased at 5 weeks after SCI in all groups and then gradually increased until 13 weeks. From 9 weeks, the SC-D15A ϩ ChABC group showed a significantly higher percentage of Ab pattern (improved coordination) than the SC control group ( p Ͻ 0.05). Stride length and base of support were analyzed as static locomotor parameters for the hindlimbs. From 5 weeks, the SC-D15A ϩ ChABC group showed significantly longer stride length compared with the SC control group ( p Ͻ 0.05; Fig. 12E ). There was no significant difference in the base of support among the groups (Fig. 12F ) .
Mechanical and thermal allodynia using the von Frey and Hargreaves methods, respectively, were examined. Withdrawal thresholds to mechanical stimuli were decreased in all groups after SCI and then gradually increased until 13 weeks (Fig.  12G) . Animals in the SC-D15A ϩ ChABC group demonstrated significantly higher withdrawal thresholds at 5, 9, and 13 weeks, returning to values similar to baseline, than those in the SC control and SC-D15A groups ( p Ͻ 0.01). The withdrawal thresholds in the SC-ChABC group were also significantly higher and closer to baseline values compared with those in the SC control group at 5 and 9 weeks ( p Ͻ 0.01). The withdrawal latencies to a heat stimulus were decreased in all groups, but animals in the SC-D15A ϩ ChABC group exhibited significantly higher withdrawal latencies than those in all other groups at 5, 9, and 13 . Combined D15A and ChABC leads to more CST axons in the caudal spinal cord. In the SC control group, BDA-labeled CST axons were not present close to the SC graft (A, B) and were rarely observed in host tissue (C, D). In the SC-D15A ϩ ChABC group, labeled CST axons were present closer to the transplant rostrally (E, F ) and were observed in host tissue at the epicenter (G, arrows) and in the caudal spinal cord (H, arrows) . Axonal counts at the epicenter were significantly increased in the SC-ChABC and SC-D15A ϩ ChABC groups compared with the SC control group (I ). The number of CST axons in the caudal spinal cord was significantly increased in only the SC-D15A ϩ ChABC group (J ). Data are presented as mean Ϯ SEM; n ϭ 6 per group. *p Ͻ 0.05, **p Ͻ 0.01 compared with the SC control group.
# p Ͻ 0.05, ## p Ͻ 0.01 compared with SC-D15A group.
weeks ( p Ͻ 0.01; Fig. 12H ) , with values being similar to those obtained at baseline.
Discussion
We demonstrate here for the first time that the combination of genetically modified, transplanted SCs secreting D15A and ChABC promotes axonal regeneration and improves function after SCI, the combination being more efficacious than either treatment alone. D15A-secreting SCs led to larger implants with more SCmyelinated axons than did control SC grafts, confirming earlier results (Golden et al., 2007) . The ChABC-transduced SCs secreted biologically active enzyme after transplantation and significantly decreased CSPGs both within the graft and in the surrounding spinal cord. With SCChABC transplantation, the border of the implant was more irregular due to SCs emerging from the transplant. These SCs secreting ChABC led to more propriospinal and 5-HT-positive axons in the graft, more 5HT-positive and CST axons in spared host tissue around the lesion epicenter, and more propriospinal axons in tissue caudal to the graft compared with control SCs. Compared with SC-ChABC transplants, SC-ChABC ϩ SC-D15A transplantation led to significantly more propriospinal and 5-HT-positive axons in the graft and more 5-HT-positive axons in tissue caudal to the graft. The numbers of propriospinal axons in spared host tissue at the epicenter and CST axons caudal to the lesion/graft were significantly higher only in the combination group. Furthermore, retrograde tracing revealed the presence of more labeled neurons in the raphe nuclei and reticular formation with axons projecting caudal to the lesion/graft than after SC-ChABC or SC-D15A transplantation. Finally, the combination strategy led to an improvement in locomotor function and lessened mechanical and thermal allodynia on the hindpaws compared with control groups. In sum, the highest numbers of axons were observed within the graft and in spared tissue around the graft, including caudal to the graft with the combination of SCs, D15A, and ChABC; this was the only approach that improved locomotion and sensation. These results suggest that the transplantation of genetically modified SCs to secrete neurotrophin and ChABC has significant therapeutic potential for treating SCI. The permissivity of the interfaces between SC grafts and the contiguous spinal cord tissue is key to the success of this transplantation strategy. Both rostral and caudal interfaces need to allow ingrowth and exit of regenerating axons to cross the area of injury and enter the cord. Often, an interface appears as a sharp boundary containing GFAP antibody staining and CSPGs that are inhibitory to axonal growth. ChABC is used to diminish CSPGs to improve such growth (Bradbury and Carter, 2011) . Here, the reduction of CSPGs around the SC graft with ChABC most likely enabled more axons to cross the interfaces with SCs, leaving the graft and astrocytes extending into the graft to form a more irregular host-graft interface. Such irregular borders are more permissive for axons to cross from astrocyte to SC territory (Afshari et al., 2010; Williams and Bunge, 2012) . Williams et al. (2013) found a correlation between the numbers of elongated astrocyte processes and brainstem axons entering the SC graft and an improvement in hindlimb movement scores. control group (B) ; the SC-D15A ϩ ChABC group shows a further significant increase (E; at higher magnification, F ). G, In the reticular formation, the SC-D15A and SC-D15A ϩ ChABC groups showed a significantly higher number of labeled neurons than in the SC control group. In addition, the number of labeled neurons in the SC-D15A ϩ ChABC group was significantly higher than that in the SC-D15A and SC-ChABC groups. Data are presented as mean Ϯ SEM; n ϭ 7 per group. *p Ͻ 0.05, **p Ͻ 0.01 compared with SC control group.
# p Ͻ 0.05, ## p Ͻ 0.01 compared with the SC-D15A or SC-ChABC group.
It has long been questioned whether, if SCs left a graft to migrate into the neighboring spinal cord, then exit of regenerated axons across the "off-ramp" would be improved. Recent studies have shown this to be true. Papastefanaki et al. (2007) improved SC migration by adding polysialic acid (PSA) to the neural cell adhesion molecule NCAM on the transplanted SC surface by introducing, by viral vector, the enzyme sialytransferase X. With the ensuing migration of SCs from the transplant after compression injury, functional recovery was improved, along with more axonal growth and enhanced myelination. A more recent study by Ghosh et al. (2012) , in which PSA-SCs again were highly migratory, extended this investigation by using a clinically relevant contusion injury. PSA-overexpressing SCs supported regeneration of both CST and serotonergic fibers across the transplant and beyond its caudal edge,and improved locomotor outcome. In our results, SCs were less confined to the transplant in groups with ChABC. This finding suggested that ChABC enabled SCs to emerge from the transplant site, thereby improving the extension of descending axons into the host tissue.
Modifying CSPGs in the scar with ChABC treatment could increase the availability of endogenous neurotrophic or other protective factors in the injured spinal cord to promote neuroprotection (Crespo et al., 2007) . In our study, CST axons were observed closer to the rostral aspect of the transplant with ChABC, suggestive of lessened die back (or increased sprouting) of the axons. It is likely that the CST axons observed caudal to the graft had been spared because only rarely have CST fibers extended into a SC milieu (Cheng et al., 1996) . Because the more clinically relevant contusion injury instead of transection was chosen for our study, it was not possible to distinguish spared/sprouted from regenerated axons. It is likely that axons well within the graft had regenerated in the "new tissue," one of the criteria defined by Steward et al. (2003) to distinguish between truly regenerated and spared/sprouted axons. In our results, axons in the tissue around the SC graft were likely to have been spared, suggesting that the ChABC treatment was also, at least in part, neuroprotective. It also has been reported that ChABC present at the injury site can rescue axotomized supraspinal projection neurons from atrophy, as do neurotrophic factors at the injury site (Carter et al., 2008) . In our results, the combination of ChABC and D15A induced significantly more fast blue-labeled brainstem neurons than only D15A. These findings could suggest that a neuroprotective effect of ChABC led to the higher number of brainstem neurons, although the presence of ChABC could have caused increased permissivity of the interfaces for regenerating axons.
Recent studies have shown that CSPGs interact with the transmembrane receptor protein tyrosine phosphatase in axons and inhibit their growth in the injured spinal cord (Shen et al., 2009; Fry et al., 2010) , an interaction abolished by ChABC treatment (Shen et al., 2009) . ChABC is known to induce CST sprouting (Barritt et al., 2006; Houle et al., 2006) . A previous study showed that ChABC administration enhanced regeneration of transected propriospinal axons after SCI and, importantly, allowed them to grow across the caudal SC/spinal cord interface (Chau et al., 2004) . In this case, modification of the scar led to further axonal regrowth in the spinal cord beyond the SC bridge. Our results suggested that ChABC promoted regrowth of 5-HT-positive and propriospinal axons in the SC graft, although, again, improved interface permissivity could have been a factor. In sum, the overall outcomes that we have documented here may have resulted from a combination of axonal regeneration, sprouting, and neuroprotection (including reduced die back), all of which have been implicated in repair after provision of ChABC (Bradbury and Carter, 2011) . Analysis to compare neuroprotection of the spared white matter among the experimental groups was found not to be feasible because the graft/white matter interfaces were not distinct enough in the ChABC-treated animals.
Although the combination strategy improved function, additional factors may have precluded greater improvement. ChABC treatment will not reduce other inhibitory ligands such as semaphorins, ephrins, NoGo, OMpg, and MAG. In addition, the higher concentration of neurotrophin in the implant than in the surrounding host tissue may prevent axons from leaving the transplant. A study of ascending axons revealed that they left an NT-3-containing transplant only when NT-3 was present rostral to the transplant and only if the gradient of NT-3 was continuous with the transplant; any break in the NT-3 gradient from the transplant resulted in failure of axons to extend into the host tissue (Taylor et al., 2006) . Therefore, a trail of neurotrophin was needed for regrowing axons to extend into the cord from the transplant. It should be noted that Taylor et al. (2006) achieved exit of axons from the transplant without the additional treatment of ChABC. We submit that neurotrophin gradients and modification of the graft/spinal cord interfaces will be among the essential components of a successful SC combination therapy. The combination strategy significantly improved locomotor function and mechanical and thermal allodynia on the hindpaws. The combination treatment group demonstrated more obvious locomotor improvement in Catwalk parameters than in the BBB score. Previous studies have suggested that BBB scoring may be somewhat subjective, so it would be difficult to achieve a reliable assessment of interlimb coordination (Basso, 2004; Hamers et al., 2006) , whereas the Catwalk may allow a more objective analysis of this coordination (Hamers et al., 2001; Deumens et al., 2007) . The advantage of the Catwalk analysis in our studies was clarification of the significant locomotor improvement in the combination treatment group.
Previous reports showed that specific parameters in locomotor assessment were affected by mechanical allodynia in the limb (Vrinten and Hamers, 2003; Gabriel et al., 2007) . The paininduced gait change reflects, at least in part, the results in the BBB scoring and in the Catwalk. It was also suggested that paw withdrawal responses to mechanical stimulation were influenced by not only allodynia, but also by recovery of motor function in the hindlimb (Detloff et al., 2010) . Therefore, our behavioral data would result from reciprocal influences of the locomotor and sensory conditions in the hindlimb.
Conclusion
The goal of this experimentation was to improve function after contusion injury by increasing axons in the SC graft and modifying the caudal interface to enable exit of axons from the graft with a combination of transplanted SCs with the provision of neurotrophin and ChABC. This combination of ChABC and D15A led to the following: (1) increased numbers of SCs and SCmyelinated axons in the graft; (2) increased propriospinal axons in the graft and surrounding host tissue; (3) more CST axons closer to the transplant and around it, including caudally; (4) more axons from supraspinal projection neurons in the brainstem present caudal to the transplant; (5) increased serotonergic fibers in the transplant and caudal to it; (6) improvement in aspects of locomotion; and (7) lessened mechanical and thermal hindpaw allodynia. The combination was more efficacious than SCs plus D15A or ChABC. This study is the first to demonstrate a successful SC-based combinatorial strategy with ChABC and neurotrophin for the treatment of SCI. These findings point to the clinical application of genetically modified, autologous SC transplantation for spinal-cord-injured persons.
